British Journal of Pharmacology (2003) 138, 959-967

© 2003 Nature Publishing Group Al rights reserved 0007-1188/03 $25.00 '@

www.nature.com/bjp

A potent tryptase inhibitor nafamostat mesilate dramatically

suppressed pulmonary dysfunction induced in rats by a
radiographic contrast medium
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1 Intravenous injection of ioxaglate (4 g iodine kg~'), an iodinated radiographic contrast medium,
caused a marked protein extravasation, pulmonary oedema and a decrease in the arterial partial
oxygen pressure in rats.

2 All of these reactions to ioxaglate were reversed by the pretreatment with gabexate mesilate (10
and 50 mg kg~!, 5 min prior to injection) or nafamostat mesilate (3 and 10 mg kg~'), in which the
inhibition was complete after injection of nafamostat mesilate (10 mg kg=").

3 Both gabexate mesilate and nafamostat mesilate inhibited the activity of purified human lung
tryptase, although the latter compound was far more potent than the former.

4 loxaglate enhanced the nafamostat-sensitive protease activity in the extracellular fluid of rat
peritoneal mast cell suspensions.

5 Tryptase enhanced the permeability of protein through the monolayer of cultured human
pulmonary arterial endothelial cells. loxaglate, when applied in combination with rat peritoneal mast
cells, also produced the endothelial barrier dysfunction. These effects of tryptase and ioxaglate were
reversed by nafamostat mesilate.

6 Consistent with these findings, immunofluorescence morphological analysis revealed that tryptase
or ioxaglate in combination with mast cells increased actin stress fibre formation while decreasing
VE-cadherin immunoreactivity. Both of these actions of tryptase and ioxaglate were reversed by
nafamostat mesilate.

7 These findings suggest that tryptase liberated from mast cells plays a crucial role in the ioxaglate-
induced pulmonary dysfunction. In this respect, nafamostat mesilate may become a useful agent for

Goromaru, 'Tomoko Sumimura, 'Mami Saito,

the cure or prevention of severe adverse reactions to radiographic contrast media.
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Introduction

In spite of increasing use of radiographic contrast media
(RCM), no effective prevention or therapy for the anaphy-
lactoid reactions, including bronchospasm, dyspnea, laryngeal
oedema and pulmonary oedema accompanying respiratory
distress, induced by the intravascular injection of RCM has
yet been established. The pulmonary oedema is a serious life-
threatening adverse event, although the incidence is rare. The
RCM-induced pulmonary oedema is a non-cardiogenic type
and appears to be related to the increase in pulmonary
vascular permeability subsequent to the activation of
inflammatory cascade or the release of a variety of chemical
mediators (Bouachour et al., 1991). Although the precise
mechanisms underlying the RCM-induced vascular hyperper-
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meability or pulmonary dysfunction remain to be clarified,
several lines of evidence have suggested that histamine is
implicated in the pathogenesis of the RCM-related adverse
events. It has been reported that the concentration of
histamine in human plasma increases after injection of
RCM (Brasch et al., 1970; Cogen et al., 1979; Robertson et
al., 1985), in which the extent of histamine release is closely
related to the severity of the adverse events (Laroche et al.,
1998). A variety of RCM stimulate histamine release from
human basophils (Assem et al., 1983) as well as mast cells
(Stellato et al., 1996). Moreover, several anti-histaminic
agents have been used to prevent or alleviate the anaphylactic
reactions to RCM (Lieberman, 1990). However, the effec-
tiveness of anti-histaminic therapy is incomplete, thereby
indicating the contribution of other mechanisms than
histamine release.
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It has been demonstrated that plasma level of tryptase
increases in patients who show severe symptoms after
intravascular RCM injection (Laroche e al., 1998; Mita et
al., 1998). In isolated human lung mast cells, several RCM
induce a concentration-dependent tryptase release (Stellato et
al., 1996). Taken together, it is probable that tryptase
contributes significantly to the immediate anaphylactoid
reactions to RCM.

Tryptase is a serine protease and abundant in mast cell
granules (Schwartz et al., 1987; Schwartz, 1990; Hogan &
Schwartz, 1997). Increased secretion of mast cell tryptase is
observed in nasal lavage fluid of grass pollen-allergic patients
(Jacobi et al., 1998), and in serum or bronchoalveolar lavage
fluid of asthmatic patients after allergen challenge (Wenzel et
al., 1988; Swystun et al., 2000). On the other hand, mast cell
tryptase is reported to be a potent stimulator of micro-
vascular leakage and augments the process in allergic
inflammation (He & Walls, 1997).

In spite of the presence of the data showing that RCM
cause the release of mast cell tryptase both in vivo and in
vitro, there have hitherto been few studies on the role of
tryptase in the vascular-related adverse reactions to the
intravascular injection of RCM because of the lack of
available potent tryptase inhibitors. Recently, gabexate
mesilate has been reported to be a potent inhibitor of human
tryptase (Erba er al., 2001). Gabexate mesilate and its
structurally related compound nafamostat mesilate are
synthetic low molecular-weight inhibitors of trypsin-like
serine proteases (Menegatti et al., 1986; Aramoto et al.,
1993; Ramjee et al., 2000), although the latter compound is
about 100 times more potent than the former in suppressing
trypsin activity. Both compounds inhibit reversibly the
activities of a number of enzymes, including trypsin,
thrombin, kallikrein and plasmin (Aoyama et al., 1984),
and used for the therapy of disseminated intravascular
coagulation and acute pancreatitis. Moreover, nafamostat
mesilate but not gabexate mesilate has been reported to
inhibit, though less potently, the complement activation, such
as generation of C3a, C4a and CS5a induced by heat
aggregated IgG, zymosan and Cobra venom factor (Issekutz
et al., 1990).

Therefore, in the present study, we examined whether the
RCM-induced pulmonary dysfunction is reversed by gabexate
mesylate or its structurally related analogue nafamostat
mesylate. The effects of these compounds on the activity of
purified human lung tryptase were also compared.

Methods

The present experimental procedures were all approved by
the Committee for the Care and Use of Laboratory Animals
at the Faculty of Medicine, Kyushu University, and the law
(No. 105) and notification (No. 6) of the Japanese
government.

Animals
Male Sprague-Dawley rats weighing 180—230 g (Kyudo Co.,

Saga, Japan) were used throughout the present experiments.
Animals were housed in a room maintained on a 12-h light/

dark schedule (lights on at 08:00 h) at a temperature of
2342°C, and had free access to food and water.

Chemicals and reagents

Toxaglate was obtained from a commercially available source
(Hexabrix, 320 mg iodine ml~'; Mallinckrodt Medical, St.
Louis, MO, U.S.A). Evans blue dye (Sigma Chemical, St.
Louis) was mixed with RCM and they were simultaneously
injected. Nafamostat mesilate and gabexate mesilate were
gifts from Torii Pharmaceutical Co. Ltd. (Tokyo, Japan).
Human tryptase (5.2 units mg protein~') was purchased from
Wako Pure Chemicals Inc. (Osaka, Japan). The peptide
composition and purity (>98%) were ascertained by HPLC
analysis, mass analysis and amino acid analysis. 7-Butyl-
oxycarbonyl - L-phenylalanyl - L-seryl-L-arginine-4-methylcou-
maryl-7-amide (t-Boc-Phe-Ser-Arg-MCA) was purchased
from peptide institute, Inc. (Osaka). Anti-VE-cadherin anti-
body labelled with fluorescein isothiocyanate was obtained
from Alexis Biochemicals (San Diego, CA, U.S.A.). Rhoda-
mine-conjugated phalloidin was obtained from Molecular
Probes (Eugene, OR, U.S.A.). All other chemicals were of
reagent grade.

Assessment of vascular permeability

The vascular permeability in lung tissues was evaluated by
the Evans blue extravasation method described previously
(Sendo et al., 2000). In brief, under anaesthesia with sodium
pentobarbitone (50 mg kg~', i.p.), rats were injected with
saline or ioxaglate (4 g iodine kg=') in combination with
Evans blue (20 mg kg~') through the femoral vein. The total
injection volume, including ioxaglate, Evans blue and test
compounds was 20 ml kg~' and the mixture was injected at a
rate of 1.5 ml min~' using a syringe pump. At 10 min after
the start of ioxaglate injection, the thorax was opened and
the lung was perfused with physiological saline via a cannula
inserted into the pulmonary artery to remove the intravas-
cular Evans blue dye, then the lung parenchyma was
dissected and weighed. Half of the dissected lung was
immersed into formamide (4 ml g=' wet weight of tissue)
for 24 h to extract Evans blue. The remainder was dried in an
oven at 60°C for 24 h. The concentration of Evans blue was
determined at 620 nm using spectrophotometric microplate
reader (Immuno-mini, NJ-2300, Intermedical, Tokyo). The
amount of the dye was calculated from the standard curve for
Evans blue (0.5-40 ug ml~") and expressed as pg dye g dry
tissue weight—".

Measurement of blood gasses

Rats were anaesthetized with sodium pentobarbitone, and a
cannula (Angiocath, 24G, Deseret Medical Inc., UT, U.S.A.)
was inserted into the femoral artery for blood sampling.
Saline (20 ml kg~!, i.v.) or nafamostat mesilate (10 mg kg~',
i.v.) was injected 5 min before ioxaglate injection (4 g
iodine kg™, i.v.). Aliquots (100 ul) of blood specimens were
taken before and 5, 10, 20, 40 and 60 min after ioxaglate
injection, and various arterial parameters including PaO,,
PaCO, and pH were immediately analysed using an
automatic gas analyser (i-STAT Co., East Windor, NI,
U.S.A).
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Determination of water, sodium and potassium contents in
lung

To determine the water content and electrolytes concentra-
tions in pulmonary tissues, rats were injected with ioxaglate
(4 g iodine kg™, i.v.) and killed by cervical dislocation under
light anaesthesia 10 min later. The chest was opened and the
lung was removed rapidly. Tissues were placed on absorbent
paper and adherent non-pulmonary tissues were carefully
removed. Lungs were separated into lobes and the extra-lobar
vessels were removed. During this procedure, care was taken
to prevent passive bleeding and the discharge of tissue fluid
from the lung. The wet tissue weight was recorded and tissues
were placed in an oven for 24 h at 100°C to measure the dry
tissue weight. The water content (%, w w~') was calculated
as (wet weight — dry weight) x 100 wet weight ~'. The dried
lobes were suspended in a mixture of nitric acid and
perchloric acid (2:1, vv™'), homogenized, and then
centrifuged at 1000 x g for 10 min. The resultant supernatant
was diluted with distilled water. The concentrations of
sodium and potassium were measured by an atomic
absorption spectrophotometry (Model AA-6400F, Shimadzu,
Kyoto, Japan) using diluted standard solutions (Wako Pure
Chemicals Inc.). Data obtained from triplicate assays were
expressed as mEq g dry tissue weight~'.

Assay for human tryptase activity

The effect of nafamostat mesilate and gabexate mesilate on
tryptase activity was determined by incubating purified
human lung tryptase (7 x 10~* units ml~' final concentration)
with its peptide substrate t-Boc-Phe-Ser-Arg-MCA (3.75 um
final concentration) in 100 mM Tris-HCI buffer (pH 7.8) in
the absence or presence of inhibitors. To minimize the loss of
tryptase activity, 20 uM heparin and 10% glycerol were
included in the reaction buffer. The reaction was carried at
37°C for 30 min, then terminated by immersing into boiling
water for 30—60 s. The resultant degradation product MCA
was measured fluorimetrically at the excitation wavelength of
370 nm and the emission wavelength of 460 nm.

Measurement of nafamostat mesilate-sensitive tryptase-
like serine protease release from rat peritoneal mast cells

Peritoneal fluids containing mast cells were collected, as
described previously (Sueyasu et al., 1997). Briefly, 20 ml of
Hank’s balanced salt solution (HBSS mm: NaCl 137, KCI
5.36, MgSO4 0.2, Na,HPO, 0.34, KH,PO,4 0.44, NaHCO;
4.17, CaCl, 1.26 and glucose 5.6) was injected into the rat
peritoneal cavity. After gentle massage of the abdomen for
90 s, the intraperitoneal fluids were collected with a plastic
pipette. The cell suspensions were centrifuged at 100 x g for
6 min at 25°C, and washed four times with HBSS containing
0.1% BSA. The number of mast cells in cell suspensions was
counted after staining with o-toluidine blue, and diluted with
HBSS containing 0.1% BSA to the concentration of 2 x 10°
mast cells ml~'. Cell suspensions were mixed with an equal
volume of HBSS containing various concentrations of
ioxaglate and incubated at 37°C for 10 min. Then, aliquots
of the incubation medium was transferred and incubated with
4 uM t-Boc-Phe-Ser-Arg-MCA solution in the absence or
presence of nafamostat mesilate for 5 min. The reaction was

terminated by immersing the reaction mixture in boiling
water. The methylcoumarine produced was determined by a
reversed-phase high-performance liquid chromatography with
fluorescence detection. The fluorescence intensity determined
at the excitation wavelength of 370 nm and the emission
wavelength of 460 nm was monitored.

Measurement of histamine release from rat peritoneal
mast cells

Cell suspensions containing peritoneal mast cells (2 x 10°
mast cells ml~"), prepared as described above, were incubated
for 10 min at 37°C with 100 mg iodine ml~"' of ioxaglate in
the absence or presence of nafamostat mesilate. The reaction
was stopped by centrifugation at 800 x g for 5 min at 4°C.
The supernatant was transferred to another tube and
perchloric acid was added to the final concentration of
0.4 M. The pellets were homogenized with 0.4 M perchloric
acid. The histamine concentrations in both the supernatant
and the cell pellet were determined by ion-pair high
performance liquid chromatography coupled with post-
column fluorescent derivatization, as described previously
(Itoh et al., 1992). The histamine release was expressed as the
percentage of histamine concentration in the supernatant to
the total.

Determination of endothelial barrier function

Human pulmonary arterial endothelial cells (HPAECs) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma-Aldrich) supplemented with 10% foetal bovine serum,
100 u ml="  penicillin, 100 mg ml~' streptomycin  and
250 mg ml~' amphotericin B. HPAECs of two to four
passages were used for experiments. Cells were seeded at
4.0x 10* cells [em?]~" onto fibronectin-coated polycarbonate
membrane (1.1 cm?, 3.0 um pore size) of the Transwell insert
(12-well type, Corning Costar). The barrier function was
determined by the permeability of Evans blue conjugated
with bovine serum albumin through the monolayer of the
endothelial cells, as described previously (Furuta et al., 2002).
In brief, Evans blue (0.67 mg ml~') was mixed with 4%
bovine serum albumin (BSA) and diluted with Krebs—Ringer
buffer (KRB mMm: NaCl 118.0, KCI 4.7, CaCl, 1.3, MgSOy4
1.2, NaH,PO4 1.0, NaHCO; 25, glucose 11, pH 7.4). After
washing the cells with KRB three times, the insert was
immersed in a well containing 1.5 ml KRB, then BSA-
conjugated Evans blue was included in the presence of test
compounds. In a set of experiments where the effect of
ioxaglate was examined, freshly prepared rat peritoneal
lavage fluid containing mast cells was included in the inner
chamber at a concentration of 3x 10° cells well~'. Aliquots
(300 ul) of medium in the outer chamber were taken and
replaced by the same volume of freshly prepared KRB at 10,
20 and 30 min to measure the clearance of BSA-conjugated
Evans blue. The concentration of Evans blue was measured
from the absorbance at 620 nm using a spectrophotometric
microplate reader. The clearance (ul min~') was calculated
according to the following equation, and expressed as the
percentage of the control values.

Clearance (ul min~")=[C] x Vo [C];"', where [C]o and
[C]; are the tracer concentrations (ug ul~' min~') in the outer
chamber and the initial concentration (ug ul™") in the inner
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chamber, respectively, and Vg is the volume (ul) of the outer
chamber.

Immunofluorescence analysis for actin and VE-cadherin

HPAECs were grown to confluence on gelatin-coated glass
coverslips. HPAECs were stimulated with ioxaglate (100 mg
iodine ml~") in the absence or presence of rat peritoneal mast
cells prepared as described above, or 7x107° units ml~'
tryptase for 10 min, then washed twice with phosphate
buffered saline (PBS) and fixed with 4% paraformaldehyde
in PBS at 25°C for 15 min. Cells were washed twice with PBS
and permeabilized with 0.1% Triton X-100 at 25°C for 3—
5 min, washed twice with PBS and incubated with blocking
buffer (PBS containing 5% foetal bovine serum, 0.2% BSA
and 0.1% Triton X-100). The blocking buffer was removed
and cells were subsequently stained with rhodamine-con-
jugated phalloidin for actin staining or fluorescein isothio-
cyanate-labelled anti-VE-cadherin antibody for VE-cadherin
staining in blocking buffer (PBS containing 5% foetal bovine
serum, 0.2% BSA and 0.1% Triton X-100) at 25°C for
20 min, followed by washing twice with PBS. A coverslip was
mounted onto the slide containing PBS and glycerol (1:1)
and images were visualized with fluorescence microscopy
(BX51, Olympus, Tokyo).

Statistical analyses

Data are expressed as the mean+s.e.mean and statistically
analysed by one-way analysis of variance followed by the
Bonferroni/Dunnett’s test for multiple comparisons, or by
Student’s #-test for comparison between two groups (Stat-
View; Abacus Concepts, CA, U.S.A). Statistical significance
was defined as P<0.05.

Results

Effects of nafamostat mesilate and gabexate mesilate on
ioxaglate-induced pulmonary dysfunction

Intravenous injection of ioxaglate at 4 g iodine kg~' caused a
marked extravasation of serum protein, as assessed by the
leakage of Evans blue dye into pulmonary tissues. Pretreat-
ment of nafamostat mesilate (3 or 10 mg kg~') or gabexate
mesilate (50 mg kg~") significantly inhibited the ioxaglate-
induced vascular hyperpermeability. It was noteworthy that
the inhibition was almost complete, when pretreated with
10 mg kg~! nafamostat mesilate (Figure 1). Moreover, the
lung developed a marked oedema with a concomitant
increase in tissue Na' content after ioxaglate injection
(Figure 2). Pretreatment with nafamostat mesilate
(10 mg kg=") completely blocked the ioxaglate-induced
pulmonary oedema and the rise in tissue Na® content
(Figure 2).

In rats with intravenous ioxaglate injection, arterial partial
oxygen pressure was remarkably but transiently reduced
(from 110.3+3.7mmHg to 77.0+5.0 mmHg, mean
+s.e.mean, n=06), while arterial partial carbon dioxide
pressure was slightly and not significantly elevated (Figure
3). On the other hand, arterial pH was not significantly
changed by ioxaglate injection. Pretreatment with nafamostat
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Figure 1 Pretreatment with nafamostat mesilate and gabexate
mesilate reverses the ioxaglate-induced pulmonary vascular hyper-
permeability in rats. Nafamostat mesilate and gabexate mesilate were
injected i.v. 5 min before intravenous injection of ioxaglate (4 g
iodine kg~ !). Vascular permeability was assessed by the extravasation
of Evans blue dye to lung tissues 10 min after ioxaglate injection.
Each column represents the mean +s.e.mean. Number of animals was
shown in each parenthesis. *P<0.05, **P<0.01 versus control.
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Figure 2 Pretreatment with nafamostat mesilate abolishes the
ioxaglate-induced pulmonary oedema and increase in tissue Na™
content in the rat lung. Nafamostat mesilate (10 mg kg~') was
injected i.v. 5 min before intravenous injection of ioxaglate (4 g
iodine kg~!). Lungs were dissected 10 min after ioxaglate injection.
Pulmonary oedema was assessed by tissue water content. Each
column represents the mean+s.e.mean for n=4-6 experiments.
*P<0.05 versus control; TP <0.05 versus ioxaglate alone.

mesilate (10 mg kg™"') completely reversed the decrease in
arterial partial oxygen pressure induced by ioxaglate
injection.

Inhibition of tryptase activity by nafamostat mesilate and
gabexate mesilate

To determine whether nafamostat mesilate inhibits the
tryptase activity similarly to gabexate mesilate, the effects of
these compounds on purified human lung tryptase activity
were compared. Generally consistent with the previous data
(Erba et al., 2001), gabexate mesilate inhibited human
tryptase activity with an ICsy of 1.9 x 1077 M, as determined
by the degradation of synthetic tryptase substrate peptide t-
Boc-Phe-Ser-Arg-MCA (Figure 4). It was noteworthy that
nafamostat mesilate was far more potent than gabexate
mesilate in blocking human tryptase activity, the ICsy of
which was 1.6x 107" M. Thus, the potency in tryptase

British Journal of Pharmacology vol 138 (5)



T. Sendo et al

Tryptase and adverse effects of contrast medium 963

—O— Cantrol
—A— foxaglate {4 g iodine kg™')
—A— loxaglate+Mafamostat mesilate (10 mg kg')

150 .
=2
I
L olg st
§120 ‘6 : " §
2 oof «
2%
ol N

0 10 20 30 40 50 60

@
=]

-

Mﬁ
L 1 1 1 1 1 1 1
0 10 20 30 40 50 60
 T4f %gﬁ;_——,g——ﬁ—____—— &
[=9

72}F

pCO, (mmHg)
[=2]
o

B
=]

7ol— N . . s . )
0 10 20 30 40 &0 60

Time after ioxaglate injection (min)

Figure 3 Pretreatment with nafamostat mesilate abolishes the
ioxaglate-induced decrease in arterial PaO, in rats. Rats were injected
with nafamostat mesilate (10 mgkg™!) 5 min before ioxaglate
treatment. Arterial gasses were monitored by an automatic gas
analyser (i-STAT) for 60 min after ioxaglate injection. Control
animals were injected with saline. Each point represents the
mean +s.e.mean for n=4-6 experiments. *P <0.05 versus control.

inhibition was approximately 12,000 fold higher in nafamo-
stat mesilate than in gabexate mesilate.

Enhancement by ioxaglate of the release of tryptase-like
protease from rat peritoneal mast cells

To confirm that ioxaglate stimulates the release of mast cell
tryptase, the effect of this contrast medium on the tryptase-
like protease activity in the extracellular fluid of the rat
peritoneal mast cell suspensions. As shown in Figure S5,
ioxaglate produced a marked and concentration-dependent
increase in the tryptase-like protease activity in the extra-
cellular fluid. This action of ioxaglate was almost totally
inhibited by nafamostat mesilate (10 nm).

On the other hand, nafamostat mesilate (0.01-10 nM) did
not affect the ioxaglate induced histamine release from rat
peritoneal mast cells (Table 1).

Endothelial barrier dysfunction induced by tryptase and
ioxaglate in combination with rat peritoneal mast cells,
and their reversal by nafamostat mesilate in cultured
HPAECs

Tryptase (1.4x 1073 units ml~') enhanced the permeability
of BSA-conjugated Evans blue through the monolayer of
cultured HPAECs (Figure 6A). loxaglate (100 mg iodine
ml~"), when added in combination with rat peritoneal mast
cells (3x10° cells well™"), also significantly enhanced the
protein permeability through the endothelial monolayer,
although ioxaglate alone caused a slight and not significant
change in the protein permeability (Figure 6B). Both the
effects of tryptase and ioxaglate in combination with mast
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Figure 4 Nafamostat mesilate and gabexate mesilate inhibit the
activity of purified human lung tryptase. Tryptase activity was
assessed by the degradation of a synthetic tryptase substrate t-Boc-
Phe-Ser-Arg-MCA to methylcoumarine. Each point represents the
mean +s.e.mean for n=4-35 experiments.

30

N
o

Tryptase-like activity
{fmol MCA produced)

10
tt
Control Nafam _ 50 75 100 100
(10 nM) - N ——
loxaglate (mg iodine mI") “4 Nafam
(10 nM)

Figure 5 loxaglate produces a concentration-dependent increase in
the release of nafamostat mesilate-sensitive tryptase-like protease
from rat peritoneal mast cells. Tryptase activity was assessed by the
degradation of a synthetic tryptase substrate t-Boc-Phe-Ser-Arg-
MCA to methylcoumarine, and its release was expressed as the
percentage of activity in the incubation medium to the total. The
tryptase-like activity was determined in the presence of 10 nMm
nafamostat mesilate (Nafam). Each column represents the mean+
se.mean for n=4-6 -experiments. **P<0.01 versus control,
+1P<0.01 versus ioxaglate (100 mg iodine ml~') alone.

cells were
mesilate.

markedly reversed by 0.1 nM nafamostat

Changes in immunoreactivities for actin and VE-cadherin
after exposure of HPAECs to ioxaglate

Immunohistochemical staining for actin and VE-cadherin was
conducted in cultured HPAECs using rhodamine-conjugated
phalloidin and anti-serum against VE-cadherin. As shown in
Figure 7, non-stimulated HPAECs revealed a definite and
extensively tight staining of VE-cadherin along the inter-
cellular junction, while showing a faint staining with actin
stress fibres. In contrast, the VE-cadherin staining was
disrupted and partially disappeared in cells exposed to
100 mg iodine ml~' ioxaglate in the presence of rat peritoneal
mast cells. Moreover, a marked enhancement of actin stress
fibre staining was observed in these cells. Similar rearrange-
ment of VE-cadherin and the enhanced actin stress fibre
staining was observed in cells treated with 7x 1073 units
ml~!. The ioxaglate-induced decrease in VE-cadherin staining
was dramatically reversed by nafamostat mesilate (1 nm).
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Table 1 Effect of nafamostat mesilate on ioxaglate-induced
histamine release from rat peritoneal mast cells

Histamine release

from rat
Concentrations peritoneal mast

Treatment (nm) cells (%)
Vehicle - 1.55+0.21
Ioxaglate (100 mg iodine ml~") - 11.17+1.21
Toxaglate + Nafamostat mesilate 0.01 12.78+1.19
Toxaglate + Nafamostat mesilate 0.1 12.65+1.67
Ioxaglate + Nafamostat mesilate 1.0 12.03+0.89
Toxaglate + Nafamostat mesilate 10.0 11.76 +£0.46

Histamine release was measured during 10 min after addi-
tion of 100 mg iodine ml~' ioxaglate in the absence or
presence of various concentrations of nafamostat mesilate,
and expressed as the percentage of histamine released into
the extracellular fluids to the total. Data are expressed as the
mean +s.e.mean for n="four experiments.
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Figure 6 Endothelial barrier dysfunction induced by tryptase (A)
and ioxaglate in combination with rat peritoneal mast cells (B) in
cultured human pulmonary arterial endothelial cells (HPAECs), and
their reversal by nafamostat mesilate. Barrier function was estimated
from the permeability of albumin-conjugated Evans blue through the
monolayer of HPAECs, as described in Methods. In (A), cells were
exposed to 1.4x1073 units ml~' tryptase for 30 min. In (B),
ioxaglate (100 mg iodine ml~') was included in the absence or
presence of rat peritoneal mast cells (3 x 10° cells/well ~'). Nafamostat
mesilate (Nafam: 0.1 nm) was added together with 1.4x 1073 units
ml~" tryptase (A) or 100 mg iodine ml~' of ioxaglate (B). The
clearance of BSA-conjugated Evans blue in control groups were
0.2140.04 yl min~"' (mean+s.e.mean; (A) 0.32+0.02 ul min~' (B)
in the absence of mast cells) and 0.41+0.03 ul min~! (B) in the
presence of mast cells). Each column represents the mean +s.e.mean.
KRB was used for vehicle. Number of experiments is shown in each
parenthesis. *P <0.05 versus control. T<0.05 versus vehicle.

Discussion

A number of studies have shown that mast cells are
implicated in the pathogenesis of acute allergic-like reactions
to iodinated RCM (Robertson et al., 1985; Stellato et al.,
1996; Laroche et al., 1998). Since a variety of RCM cause
histamine release from mast cell, histamine H; antagonists
have been used for the prevention of the adverse reactions to
RCM (Lieberman, 1990). However, the preventive effects of
H, antagonists are incomplete, indicating the involvement of
other chemical mediators. It has been reported that ioxaglate

and a non-ionic contrast medium ioversol stimulate the
release of the pre-formed mediators such as histamine and
tryptase but not the de novo synthesized mediators including
prostaglandin D, and leukotriene C4 from human lung mast
cells (Genovese et al., 1996; Stellato et al., 1996). On the
other hand, Laroche et al. (1998) reported in patients who
showed mild to severe reactions to ioxaglate and ioxitalamate
that plasma level of tryptase increases in relation to the
severity of the reactions. Taken together, mast cell tryptase
may become a potential candidate for the mediators of
adverse reactions to RCM. Recently, gabexate mesilate is
reported to be a potent inhibitor of human tryptase (Erba et
al., 2001). Therefore, in the present study, we examined the
effects of gabexate mesilate and its structurally related
compound nafamostat mesilate on the pulmonary dysfunc-
tion induced in rats by an intravenous injection of ioxaglate.

According to the data reported by Erba er al. (2001), the
inhibitory action of gabexate mesilate is more potent on
human tryptase (K;=3.4x107° M) than on bovine tryptase
(K;=1.8x 1077 M), as determined by the degradation of the
synthetic tryptase substrate t-Boc-Phe-Ser-Arg-MCA. We
also confirmed using the same tryptase substrate that
gabexate mesilate is a potent human tryptase inhibitor.
Moreover, it is noteworthy that nafamostat mesilate was
found to be an extremely potent inhibitor of human tryptase,
in which it blocked approximately 12,000 fold more potently
(IC5o=1.6x10""" M) the activity of purified human lung
tryptase than gabexate mesilate. Like gabexate mesilate,
nafamostat mesilate is a serine protease inhibitor, and
inhibits trypsin, plasmin, pancreatic and plasma kallikrein
and thrombin with ICs, values ranging from 2.7 x 1078 M to
501077 M (Fujii & Hitomi, 1981). In this respect,
nafamostat mesilate seems to be, thus far, the most potent
and selective human tryptase inhibitor. This protease
inhibitor is widely used for the therapy of acute pancreatitis
and disseminated intravascular coagulation, and for anti-
coagulant agent during extracorporeal circulation.

Rats treated with ioxaglate showed an immediate pulmon-
ary dysfunction, including the protein extravasation, oedema,
increase in tissue Na™ content, and reduction in arterial
PaO,. Pretreatment with gabexate mesilate or nafamostat
mesilate significantly reversed the pulmonary protein extra-
vasation, although the inhibitory effect of gabexate mesilate
was much less marked than that of nafamostat mesilate.
Moreover, nafamostat mesilate at 10 mg kg~' completely
blocked the ioxaglate-induced pulmonary oedema, elevation
of the tissue Na" content and the decrease in arterial PaO,.
However, larger doses of this inhibitor than those expected
from in vitro study were required to reduce the ioxaglate-
induced pulmonary dysfunction. This may be due to the
rapid metabolism of nafamostat mesilate in the plasma.
Taken together, it is likely that tryptase released from mast
cells contributes at least in part to the pathogenesis of RCM-
induced pulmonary dysfunction, although we cannot exclude
the possibility that other proteases are implicated in the
adverse reactions to RCM.

To further confirm that ioxaglate stimulates tryptase
release from mast cells, the effect of this contrast medium
on the release of tryptase-like protease from rat peritoneal
mast cells was investigated. The tryptase-like protease activity
determined by the degradation of t-Boc-Phe-Ser-Arg-MCA
was markedly enhanced by 50— 150 mg iodine ml~' ioxaglate
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Actin stress fibers VE-Cadherin

Control

Actin stress fibers VE-Cadherin

Tryptase

Figure 7 Actin stress fibres increase, while VE-cadherin immuno-
reactivity decreases after exposure of cultured HPAECs to ioxaglate
(100 mg iodine ml~"), ioxaglate +mast cells, and tryptase (7x 1073
units ml~"). The increase in actin stress fibres and the decrease in
VE-cadherin induced by ioxaglate + mast cells or tryptase are blocked
by nafamostat mesilate (1 nm).

in a concentration-dependent manner. Although t-Boc-Phe-
Ser-Arg-MCA is hydrolyzed by other trypsin-like proteases
including trypsin and 73 kDa thiol protease (Molla et al.,
1988), the main proteases included in rat peritoneal mast cells

are tryptase, a trypsin-like protease, and chymase, a
chymotrypsin-like protease (Muramatu et al., 1988). More-
over, the protease activity was almost completely inhibited by
nafamostat mesilate (10~ M). Taken together, it is suggested
that mast cell tryptase is liberated by ioxaglate. This idea was
further confirmed by the present findings indicating that the
endothelial barrier dysfunction was induced by tryptase alone
or ioxaglate in combination with rat peritoneal mast cells.
Moreover, both of these actions of tryptase and ioxaglate
were reversed by nafamostat mesilate. These findings also
suggest that nafamostat mesilate inhibits the activity of rat
mast cell tryptase to the similar extent as human tryptase.

On the other hand, nafamostat mesilate did not affect the
ioxaglate-induced histamine release from rat peritoneal mast
cells. Therefore, it is unlikely that the inhibitory effect of
nafamostat on the in vivo and in vitro vascular endothelial
dysfunction caused by ioxaglate results from the inhibition of
the degranulation of mast cells.

The endothelial barrier function is regulated by the
intercellular junctional organization. VE-cadherin is the
major constituent of cell-to-cell contact, and interacts with
actin cytoskeleton via associated proteins such as o- and f-
catenins (Lampugnani et al., 1995). The VE-cadherin-catenin
complex is flexible and disappears from the extracellular
space upon various stimuli that decrease endothelial barrier
function such as thrombin (Rabiet ez al., 1996). In the present
study, the disappearance of immunoreactive VE-cadherin
with a marked development of actin stress fibres was
observed after exposure of HPAECs to tryptase in nafamo-
stat-sensitive manner. It is also interesting that ioxaglate in
combination with peritoneal mast cells caused a disappear-
ance of VE-cadherin immunoreactivity and enhancement of
actin stress fibres, although ioxaglate alone induced no
marked changes in the staining pattern for either of these
molecules. These findings also suggest that ioxaglate liberates
mast cell tryptase, which in turn, causes an increase in actin
stress fibre formation as well as a decrease in the tight
junctional VE-cadherin, leading to the decrease in the
endothelial barrier function.

It has been demonstrated that several biological actions of
tryptase is considered to be mediated through activation of
proteinase-activated receptor-2 (PAR-2) (Molino et al., 1997).
PAR-2 is a member of a G protein-coupled receptor family
(Nystedt et al., 1994; Bohm et al., 1996), and activated by the
tethered ligand after cleavage of N-terminal region by
tryptase, trypsin, factor VIla and Xa (Corvera et al., 1997,
Molino et al., 1997; Dery et al., 1998; Coughlin, 2000). The
cleavage site by tryptase is assumed to be Arg*-Ser* in
mouse PAR-2 (18) (Nystedt et al., 1994), and Arg**-Ser*’ in
human PAR-2 (B6hm et al., 1996). The activation of PAR-2
by tryptase is implicated in the pathogenesis of acute
inflammation (Saifeddine, 1996; Vergnolle et al., 1999;
2001), increase in airway resistance (Ricciardolo et al.,
2000) and vascular hyperpermeability (Vergnolle et al.,
1999; Kawabata et al., 1998). Therefore, it is suggested that
RCM celicit protein extravasation ultimately via stimulation of
endothelial PAR-2.

In conclusion, the pulmonary dysfunction, such as protein
extravasation, oedema and decrease in arterial PaO,, induced
by an intravenous injection of ioxaglate was dramatically
suppressed by gabexate mesilate and nafamostat mesilate.
Both compounds inhibited human tryptase activity, in which
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nafamostat mesilate was by far the strongest inhibitor. In rat
peritoneal mast cells, the tryptase-like protease activity in the
extracellular fluid was enhanced by ioxaglate. Immunofluor-
escence examination in cultured HPAECs monolayer revealed
that ioxaglate, when treated in combination with mast cells,
induced a loss of VE-cadherin and a concomitant increase in
actin stress fibres. Therefore, it is likely that ioxaglate induces
pulmonary dysfunction by stimulating the release of mast cell
tryptase. In addition, our present findings suggest that
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